Abstract. Eddy-induced upwelling occurs along the western edge of the Gulf Stream between Cape Canaveral, Florida, and Cape Hatteras, North Carolina, in the South Atlantic Bight (SAB). Coastal zone color scanner images of 1-km resolution spanning the period April 13-21, 1979, were processed to examine these eddy features in relation to concurrent shipboard and current/temperature measurements at moored arrays. A quasi-one-dimensional (z), time-dependent biological model, using only nitrate as a nutrient source, has been combined with a three-dimensional physical model in an attempt to replicate the observed phytoplankton field at the northward edge of an eddy. The model is applicable only to the SAB south of the Charleston Bump, at --•31.5øN, since no feature analogous to the bump exists in the model bathymetry. The modeled chlorophyll, nitrate, and primary production fields of the euphotic zone are very similar to those obtained from the satellite and shipboard data at the leading edges of the observed eddies south of the Charleston Bump. The horizontal and vertical simulated fluxes of nitrate and chlorophyll show that only --• 10% of the upwelled nitrate is utilized by the phytoplankton of the modeled grid box on the northern edge of the cyclone, while -•75% is lost horizontally, with the remainder still in the euphotic zone after the 10-day period of the model. Loss of chlorophyll due to sinking is very small in this strong upwelling region of the cyclone. The model is relatively insensitive to variations in the sinking parameterization and the external nitrate and chlorophyll fields but is very sensitive to a reduction of the maximum potential growth rate to half that measured. Given the success of this model in simulating the new production of the selected upwelling region, other upwelling regions for which measurements or successful models of physical and biological quantities and rates exist could be modeled similarly.
production that is derived from "new" nitrogen (imported nitrate). Estimates of new production as a fraction of total production over the area affected by these eddies range from >50% to >70% Lee et al., 1991] . However, since these values were obtained at stationary locations as the eddies passed and from estimates of nitrate usage within the entire SAB [Lee et al., 1991] , these values are probably lower than the new production actually occurring within the eddies.
The event time scale of the eddies may preclude the development of higher trophic levels sufficient to impact the phytoplankton biomass and productivity [Atkinson et al., 1978; Heinbokel, 1978; Verity, 1985; Deibel, 1982] . Therefore an f ratio (ratio of new production to total production) of >0.75 would not be unreasonable within an eddy, while early stages of the eddies may have f ratios approaching 1, compared with 0.2 for a warm-core ring [ Previously, a biological model had been coupled to interpolated velocity and temperature fields within the southern SAB to study both bottom intrusions and eddy events [Hofmann, 1988] . The interpolated fields, however, were at a nominal depth of 37 m, so that the model was two dimensional (x, y), and the model domain for the eddy study was bounded to the north and south by ---31 ø and ---29øN, respectively; the longitudinal boundaries were -•80.5 ø and ---80øW, or approximately a 200 km by 45 km rectangle [Ishizaka and Holmann, 1988] . This two-dimensional study resolved the northward movement of eddy events through the eastern side of the model domain along with the biological properties associated with the eddies, allowing estimates of horizontal nitrate and chlorophyll fluxes through the model domain [Hofmann, 1988] .
The biological model coupled with the interpolated flow fields utilized a multiplicative function of light and nutrients to determine phytoplankton growth and tracked two size classes of phytoplankton as well as various life stages of copepods [Hofmann and Ambler, 1988] . The combination of the biological model and the interpolated velocity and temperature fields reproduced measured patterns of chlorophyll reasonably well, though the magnitudes of the modeled single-level values and the measured depth-integrated values differed [Hofmann, 1988] . Extension of this model to three dimensions was not feasible owing to the scarcity of current meter data at other depths [Ishizaka and Hofmann, 1988] , and so the model could not simulate vertical temperature, chlorophyll, or nitrate profiles for comparison with measured profiles within eddy events field had no diel variation, and phytoplankton loss terms were due only to death and grazing, with dead phytoplankton and zooplankton and the unassimilated fraction of ingested phytoplankton returned to the nutrient pool: growth rates decreased exponentially with depth in the same manner as the light field [Franks et al., 1986] . The North Atlantic spring bloom study [Marra and Ho, 1993 ] used a one-dimensional (vertical) mixed-layer model, reproducing the increasing stratification observed over a 2-week period to simulate the observed phytoplankton distribution over time. Measured daily photosynthetically active radiation (PAR) values were used to calculate hourly PAR, with nutrient levels within the phytoplankton (cell quota model) in conjunction with the Michaelis-Menten formulation for nutrient uptake determining growth in a multiplicative function model with light [Marra and Ho, 1993] .
Methods

Satellite Images
A series of CZCS images depicting the probable evolution of eddies through the SAB was selected for analysis. Images were initially selected for further processing using a browse facility, which enabled the user to select images of interest by examining them on a video display. These selected images spanned the period April 13-21, 1979, and showed the chlorophyll-associated manifestation of several cyclonic eddies. The steps followed to arrive at the final processed color images are given by MMler-Karger et al. [1989] .
The images were navigated so that the array elements were placed at appropriate longitudes and latitudes. Next, the chlorophyll channel was extracted, and gray values (colors) were assigned to pigment concentration values within the arrayed image data. A remapping procedure realigned the pigment data into a cylindrical equidistant projection over the SAB region, and a land mask was included. These processing steps were done for both 4-km and 1-kin-resolution images of the region. The 1-kmresolution images not only allowed a much better view of the effect of physical processes acting on the phytoplankton assemblages but also improved estimations of areal extent of ocean color and movements associated with the color patches over those obtained from the 4-km-resolution images.
Physical Model
The circulation model employed is the three-dimensional, time-dependent primitive equation model of Bryan [1969] . This model provides a numerical solution to the NavierStokes equations for variable bottom topography and arbitrary coastline. The Boussinesq and hydrostatic approximations are employed; the Boussinesq approximation is used to neglect the spatial variability in density except in those terms in which it is multiplied by gravity, and the hydrostatic approximation is used to reduce the vertical component of the equation of motion to the hydrostatic relationship wherein the net pressure force in the vertical exactly balances the force of gravity. A "rigid lid" approximation is also used, and vertical displacements of the ocean surface are not allowed. This approximation removes that component of the solution due to fast external gravity waves, permitting a much larger time step in the model. The computer code for this model is documented by Cox [1984] .
The formulation of the problem is similar to those of Luther and Bane [1985] 
where f is the Coriolis parameter, and # is the acceleration due to gravity. As in Luther and Bane [1985] , the constants in (2) and ( Open boundaries occur across the southern and northern regions of the physical model as well as offshore. At the southern inflow boundary, the depth-averaged, external mode flow normal to the boundary is held fixed in time, and internal mode velocities are calculated by the Sommerfeld radiation condition [Orlanski, 1976] [1985] showed that a cold dome farms between an upwelling center to the north and a downwelling center to the south, and the low-temperature signature is between these two regions. The cruise measurements found that the minimum temperature region corresponded to the highest chlorophyll biomass region [Yoder et al., 1981] . It should also be noted that the depth formulation does not include a Charleston Bump type feature. Because of this, the As a consequence of the 52 Sv at the southern boundary and of (4), the simulated temperature field is thus not representative of "real world" temperatures. The nitratetemperature relationship is therefore modified to NO 3 = 28.21 -1.67T(øC).
This modification is used throughout the aphotic water column. This is done so that instead of simply specifying a constant aphotic zone nitrate boundary condition, the model 
These two equations are solved explicitly. The first terms on the right-hand sides of both (7) and (8) In the absence of horizontal advection within a strictly one-dimensional model, any nonuniform vertical movement of water will result in a mass buildup within a grid box. Even if vertical advection is uniform throughout the interior of the water column, the top and bottom boxes will be either emptied or overfilled with mass unless there is no vertical velocity. In the real world, these possibilities are eventually prevented by horizontal exchange. The last terms of (7) 
The first and third terms of (14) (Table 2) .
Case 1
Two factors controlling the realized growth of phytoplankton are light and nutrient supply. The hourly light field is invariant from day to day, but the nutrient field changes appreciably as nitrate is upwelled into the euphotic zone. By taking the minimum of the potential growth rates at each space and time point, the realized growth rate, given the chlorophyll field, yields a primary productivity, given in milligrams chl or C per cubic meter per day. This increment of chlorophyll biomass is subject to sinking and horizontal losses. The euphotic zone integrated chlorophyll and nitrate values for the full 10 days of the model are shown in Figure 11 . It is easily seen that the chlorophyll field has no discernible diurnal effect on the nitrate field until after 2 full days, and integrated nitrate values continue to increase throughout the model period. The euphotic zone integrated primary productivity is shown in Figure 12 for the 10-day period. This will be compared to measurements later.
The potential and realized growth rates as fractions of the maximum possible growth rate for the full 10-day period are shown in Figures 13, 14, 15, and 16 Of special note is the fact that the light-limited potential growth rate never reaches 0.8 times the maximum growth rate. The growth-irradiance characteristics of this phytoplankton assemblage show it to be capable of utilizing light levels higher than those which occur in the model. It should be recalled, however, that the light field is dependent on the constant value of the attenuation coefficient, 0.10 m -I, so that the model light field compared to the real world is underestimated for chlorophyll concentrations of less than -•0.7 tag chl L -l and overestimated for higher concentrations [Walsh, 1988] . Table 3 Realized growth as fraction of Pm • for days 1-5 of case 1, determined by the minimum at each
The realized growth rate as a percentage of the case 2 maximum potential growth rate is the same as in case 1 (Figures 14 and 16) . However, the impact on the chlorophyll field of the reduced maximum potential growth rate becomes apparent after a few days. The vertical loss terms follow the same pattern. Case 4a results in 1.8 mg chl sinking out of the euphotic zone over 10 days, while case 4b loses 1.0 mg chl (see Table 3 Variation in these boundary conditions yields expected changes in horizontal fluxes (see Table 3 
Discussion
This model, while simulating certain observed data to a degree, does have its problems. The physical model does not incorporate realistic bottom topography, such as the divergence of isobaths north of Cape Canaveral, which has an effect on the flow field [Blanton et al., 1981 ]. The physical model also overestimates transport through the domain, the formulation for this, as mentioned previously, being chosen to match that observed farther north, resulting in an unrealistic temperature field and thus an unrealistic nitrate field, leading to (6). The modeled eddy is also farther offshore than is observed.
The biological model has, by the assumptions used in its construction, inherently neglected any algal groups other than diatoms and the associated different nitrate utilization rates of these ignored assemblages. However, because of the preponderance of diatoms in the algal samples taken, this was seen as a justifiable omission. The biological model also uses the divergence of the vertical flow field to estimate horizontal losses and thus neglects diffusive losses from the domain.
Comparison with gathered data and satellite images also depends upon estimations of the speed and thus the age of the modeled eddy and of the location within the eddy with which we compare our modeled column. This is especially apparent when comparing the vertical profiles with those measured: the modeled profiles were over the 800-m isobath, whereas those measured were inshore of the 100-m isobath.
Case 1 of our simple, quasi-one-dimensional model provides a reasonably good match to data obtained from both the satellite overpasses and shipboard measurements. The poor fidelity of case 2 also supports our reasoning for a single limiting factor (rather than multiplicative factors) for the assessment of the primary production of successional stages Similarly, the variation in the sinking rates did not provide large differences in vertical carbon fluxes within a region of positive vertical velocity. The downwelling center at the southern end of the eddy (see Figure 2) , however, may act as a conduit of particulate carbon and nitrogen as well as of unutilized nitrate to bottom waters and the slope sediment. This mechanism may be partly responsible for both high carbon fluxes trapped at depths greater than 1000 m [Hinga et al., 1979] and the > 1% dry weight carbon concentration found within SAB slope sediments [Hathaway, 1971] .
The results of our quasi-one-dimensional time-dependent biological model suggest that the new production at the head of a cyclonic eddy may be equivalent to the total primary production of this area. Understanding what fraction of the primary production over an entire eddy is new production and the amounts and fates of the nitrogen and carbon fluxes requires an extension of this model to all four (x, y, z, t) dimensions. A three-dimensional, time-dependent biological model coupled to the existing physical model would certainly provide a better understanding of (1) the ecological consequences of the trailing downwelling region of an eddy and (2) the importance of horizontal boundary conditions at the shelf edge. However, since validation data in the vertical dimension are rare compared to satellite assessments of surface features, we chose to begin at the eddy center.
As a means of understanding the dynamics of just the upwelling component of the ecosystem, our two-dimensional (z, t) calculation is sutficient to give an idea of the relative importance of various processes; away from the eddy center, where physical factors predominate, we expect the biological processes to become more effective.
